Defects ubiquitously exist in crystal materials and usually exhibit a very different nature than the bulk matrix, and hence, their presence can have significant impacts on the properties of devices. Although it is well accepted that the properties of defects are determined by their unique atomic environments, the precise knowledge of such relationships is far from clear for most oxides due to the complexity of defects and difficulties in characterization. Here, we fabricate a 36.8° SrRuO3 grain boundary of which the transport measurements show a spin-valve magnetoresistance. We identify its atomic arrangement, including oxygen, using scanning transmission electron microscopy and spectroscopy. Based on the as-obtained atomic structure, the density functional theory calculations suggest that the spin-valve magnetoresistance is because of the dramatically reduced magnetic moments at the boundary. The ability to manipulate magnetic properties at the nanometer scale via defect control allows new strategies to design magnetic/electronic devices with low-dimensional magnetic order.
INTRODUCTION
The altered continuity of atomic bonding at grain boundaries makes the physical properties of these defects significantly different from those of the rest of the bulk matrix. For instance, the grain boundaries of ferromagnetic Pr0.7Ca0.3MnO3 and La2/3Ca1/3MnO3 are paramagnetic due to the possible space charge accumulation causing energy band bending or stress-induced structural disordering [1] [2] [3] . The low angle grain boundary of paraelectric SrTiO3 is polarized because of the large straingradient-induced flexoelectric effect [4] . In the acceptor-doped yttrium-zirconium oxide ionic conductor, the ionic conductivity of the grain boundary is two orders of magnitude lower than that of the grain owing to the oxygen vacancy depletion layer near the grain boundary [5] . For the solar cell material CuInSe2, the performance of the polycrystalline material is better than that of the single crystal because the electrons at the grain boundaries are not easily recombined with the surrounding holes [6] .
The properties of grain boundaries strongly depend on their geometry (e.g., tilt and twist angles between the grains), elemental/charge segregation (e.g., nonstoichiometric ratio, termination surface, and space charge accumulation), and strain conditions (including strain and strain gradient). For example, in superconducting copper oxides, only those grain boundaries with high tilt angles can limit the critical current as a Josephson junction [7, 8] . Therefore, determining the atomic structure of grain boundaries and revealing the structure-property relations are vital for grain boundary engineering (via controlling the angle and/or element doping) to improve materials and design devices with novel functions.
In this work, we studied the atomic structure and magnetic properties of SrRuO3 (SRO) grain boundaries by combining advanced scanning transmission electron microscopy (STEM), spectroscopy, density functional theory (DFT) calculations and transport property measurements. As an itinerant ferromagnet, SRO has some intriguing electrical and magnetic properties [9] [10] [11] . It has been reported that the grain boundary in SRO can cause substantial negative magnetoresistance, while no tunneling magnetoresistance (TMR) was detected [12] , which is very different behavior than that of the grain boundary in ferromagnetic La2/3Sr1/3MnO3 [13] . On the other hand, SRO is widely used in electrodes for the growth of thin films, such as superconductors and ferroelectrics. The microstructure of the grain boundaries in SRO may propagate into the thin films, and thus, the properties of the grain boundaries can certainly significantly influence the interface properties, such as the magnetoelectric coupling. These properties are dictated by the microstructure of the SRO grain boundary. However, the atomic structure of grain boundaries in SRO has rarely been studied, and the properties of grain boundaries and the effects of their presence on thin-film devices are largely unknown.
Here, we fabricate a 36.8° SrRuO3 grain boundary (labeled Σ5(310) [001] SRO GB, where Σ denotes the degree of geometrical coincidence of crystalline interfaces [14] , (310) is the grain boundary plane, and [001] is the rotation axis). The transport measurements show spin-valve magnetoresistance at the grain boundary. To reveal the underlying mechanism, we determine the atomic structure (including oxygen positions) by using the recently developed atomically resolved integrated differential phase contrast (iDPC) imaging technique combined with atomically resolved energy dispersive X-ray spectroscopy (EDS) with aberration corrected STEM. Based on the obtained atomic structure, we perform DFT calculations and find that along the grain boundary, the magnetic moments are reduced by ~ 91% on one side and ~ 25% on the other side. The changes in magnetic moments and spin polarization stem from the reconstruction of the Ru d orbital due to the Ru-O octahedron distortion. The substantial reduction of the magnetic moments leads to spin-valve magnetoresistance at the grain boundary. These findings unveil the structure and properties of the grain boundary in a commonly used ferromagnetic electrode SRO, which can help us to understand the effects of such a grain boundary on the magnetic transport properties of SRO and provide new insights into defect engineering for novel magnetic/electric devices.
RESULTS
Design and fabrication of the bicrystal. The high quality of the SRO boundary was fabricated by growth of an SRO thin film on a SrTiO3 (STO) bicrystal substrate. Fig.   1 (a) is a schematic diagram of the SRO film growth on an STO bicrystal substrate. The STO bicrystal with a 36.8° mis-tilted grain boundary was fabricated by thermal diffusion bonding [15] , and the SRO thin film was deposited on the STO bicrystal substrate by pulsed laser deposition (PLD) [16] . The experimental details are included in the methods section. The cross-sectional high angle annular dark field (HAADF)-STEM image in Fig. 1(b) shows that the film thickness is approximately 50 nm. The high-magnification HAADF-STEM image of the sample planar view along the [001] direction in Fig. 1(c) shows the uniform and high quality of the grain boundary without a disordered layer. The tilt angle between the two grains was measured to be 36.8°. Its magnetic vs magnetoresistance curves measured at 2 K in Fig. 1(d-e) show that there are two peaks, which are very different from the SRO film without any grain boundaries [17] . Such transport behavior is characteristic of spin-valve magnetoresistance [12] .
Atomic-scale imaging of the GB. To reveal the origin of spin-valve magnetoresistance at the grain boundary, we analyzed atomically resolved HAADF-STEM images to determine the atomic bonding of the SRO boundary shown in Fig. 2 (a). Since HAADF shows Z contrast (Z is atomic number), the brighter spots in the image correspond to Ru columns, whereas the less bright spots are Sr columns. The (310) planes with different atomic termination layers appear at the boundary. The repeated units are marked by the white polygon. Fig. 2(b) is the atomistic mode that shows the cationic arrangements of the grain boundary core. Two Sr columns and one Ru column exist at the center of the polygon, which may be ascribed to the smaller radius of the Sr cation compared with that of the Ru cation [18] . To further confirm the atomic arrangement of the grain boundary, the atomically resolved EDS maps of Sr and Ru were recorded to verify the presence of any possible localized structural reconstruction, which commonly exist in the grain boundaries of complex oxides [19] . The net count maps of Sr ( Fig. 2(c) ), Ru ( Fig. 2(d) ), and the intermix of cations ( Fig. 2 (e)) are in excellent agreement with the structure model from the HAADF image, ruling out the existence of structural reconstruction in the grain boundary core.
However, the HAADF and EDS images in Fig. 2 as illustrated by the schematic in Fig. 2(g) . Interestingly, the asymmetric grain boundary structure of SRO is different from the previously reported STO grain boundary [21] .
The first principles calculations in Table S1 indicate that the asymmetric structure of the SRO grain boundary has a lower free energy than the symmetric ones. Therefore, the formation of the asymmetric SRO grain boundary is more favorable during growth. and experiments [10] . Moreover, the projected density of states (DOS) in Fig. 3 (b) and the band structure in Fig. S1 of bulk SrRuO3 are also consistent with previous calculations [10] . The initial structure of the grain boundary is built based on the experimental data, and the relaxed grain boundary structure in Fig. 3(a) is in good agreement with the STEM images in Fig. 2 (a) and Fig. 2(f) . Ru and Sr are symmetric on the two sides of the boundary, which are defined as region A (above the grain boundary) and region B (below the grain boundary), respectively, as shown in Fig. 3 (a).
The DOS distribution of region B is similar to that of the bulk. However, for region A, the spin-up and spin-down DOS for Ru(O) become symmetrical, which is significantly different from the asymmetrical distribution in the bulk. Thus, the total magnetic moments at the grain boundary are significantly reduced compared to those in the bulk.
The average magnetic moments for both region A and region B are calculated in Table   S2 . The magnetic moment is 0.134 μB for Ru and 0.012 μB. for O in region A, while in region B, the magnetic moment is 1.166 μB for Ru and 0.105 μB for O. Moreover, along with the different magnetic moments on the two sides of the grain boundary, the spatial spin polarization (SSP) distributions on the two sides are distinct, as shown in Fig. 3(c) .
The positive spin polarization in region B is wider than that in region A.
To clarify the origin of the reduced and asymmetric distribution of moments and spin polarization in the SRO grain boundary, the energy band in Fig. S1 , charge, orbital and octahedron distortion are analyzed in Fig. 4 and Fig. S2 . The band structure of the SRO grain boundary shows the boundary region remains conductive. In Fig. 4(a) , the spatial distribution of the charge density between region A and region B has no distinct difference. However, in Fig. 4(b) , the spin-resolved charge differences in the two regions are completely different, which is consistent with the distinct moments on the two sides. The calculations show that the magnetic moment of Ru-6 is the smallest and properties than the pure FM phase. It was reported that TMR can be detected in the La2/3Sr1/3MnO3 bicrystal [13] but not in the SRO bicrystal [12, 13] . The TMR phenomenon existing in La2/3Sr1/3MnO3 bicrystals is likely due to the magnetically disordered NM insulating layer formed at the grain boundary region serving as a tunneling barrier [1, 22, 23] . For SRO bicrystals, although an NM layer forms at the grain boundary, the metallic nature (as evidenced by the energy band in Fig. S1 ) instead of the insulating nature may lead to the large magnetoresistance [12, 13] . Therefore, the measured transport property can be explained by the formation of the FM/NM/FM sandwich structure at the grain boundary, which is in excellent agreement with the theoretical calculations based on the atomic structure of the SRO grain boundary.
DISCUSSION
Previously, the grain boundaries in ferromagnetic La0.7Ca0.3MnO3 and La2/3 Sr1/3MnO3
films were reported to significantly influence the magnetoresistance [1, 2] , likely due to the local transition from ferromagnetic to paramagnetic at the grain boundaries [3] , while the dislocations in antiferromagnetic NiO were found to be ferromagnetic [24] . In this study, the grain boundary of ferromagnetic SRO becomes almost nonmagnetic.
Therefore, it seems that the broken translation symmetry at the structural defects in these materials is usually accompanied by a change in the magnetic order. Since the structural defects can be zero-dimensional (e.g., point defect), one-dimensional (e.g., dislocation), and two-dimensional (e.g., grain boundary), it provides us strategies to design novel devices with low-dimensional magnetic order via proper defect engineering.
On the other hand, ferromagnetic SRO is widely used as an electrode for thin films such as ferroelectrics [25] . Considering that magnetoelectric heterostructures consisting of ferromagnetic and ferroelectric elements have recently aroused great interest due to their promising applications [26] [27] [28] , the presence of NM grain boundaries in the FM SRO layers is expected to significantly change the interfacial magnetoelectric coupling.
CONCLUSION
In conclusion, we studied the atomic structure and magnetic and transport properties of the SRO Σ5(310) grain boundary. By using advanced atomically resolved iDPC images and EDS mapping, we were able to identify the atomic arrangements (including oxygen) at the grain boundary. We find that the structure of the grain boundary is asymmetric, which is very different from the common assumption based on the knowledge from Orbital-projected DOS of Ru in the SRO bulk and grain boundary model.
S1. Simulation of symmetric and asymmetric structure
In Table S1 , a is the model obtained in our experiment, b is the model of symmetric O ions but asymmetric cations on both sides of grain boundary, and c is the model of symmetric O ions and cations on both sides of grain boundary, which is built based on the atomic structure of the same type of SrTiO3 grain boundaries reported in literature1.
The Table S1 suggests that the asymmetric model 'a' has the lowest free energy and is more stable than the other two models. Table S1 . DFT calculations of free energy for grain boundaries with different structures.
Structures for (a) asymmetric, (b) symmetric O but asymmetric cations, (c) symmetric O and symmetric cations of SRO grain boundaries and the corresponding free energy.
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S2. Band structure
The band structure of SRO grain boundary is intensively distributed compared with the bulk, but both exhibiting conducting properties. Figure S1 . DFT calculations of band structure. Band structures of (a) SRO bulk and (b) grain boundary. 
S3. The magnetic moment
